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m What is matter made of?

® This questions has a long tradition in mankind and finds its first
attempts to come up with an answer in the Greek natural philosophy FStructure within

the Atom

® However, real experimental work on the structure of matter did not
start until the end of the 19th century with the discovery of
radiation by Bequerrel in 1896 besides the work by Marie and Pierre
Curie (The 1903 Nobel prize in physics was awarded to Bequerel,
Marie and Pierre Curie)
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® Series of experiments led o our current understanding: scattering
experiments and spectroscopy

® Theoretical framework: Theory of relativity and quantum mechanics:
Quantum Field Theory

m The domain of nuclear and particle physics ‘ ucleus:::*:;;s;,,

® Nuclear physics: Physics of many-body systems of strongly
interacting matter (properties, structure, force and reactions)

® Particle physics: Physics of elementary particles (quarks and
leptons) and fundamental fields/interactions (electromagnetic,
strong and weak interactions and gravitation)
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m The Standard Model (Building blocks of matter)

. FERMION
® Quarks and leptons: Elementary particles known today ONS
. ' _ Leptons spin = 147
= Quarks: Fermions (spin 1/2 particles) e Mass  Electrc
) ) ) GeVi? | charge
m Leptons: Fermions (spin 1/2 particles)
K ey || KIRIES
® Electrons and neutrinos (Released for example in radioactive € choron | BOOIS1Y
beta-decay) are members of the lepton family By e | <0.0002
M muaon DG
® Atoms consist of: Nucleus (Protons and neutrons) and electrons [, <0.02

® Protons and neutrons consist of: Quarks

matter constituents
spin = 152, 3/2, 572,

Quarks cpin =12

S pproe. .
Elawar Mass Ebectric
Gewp? | Chamge

T nzutring
T tau 1,741

Generally: Hadrons = Baryons (3 quark states) + Mesons (2 quark

states)

Baryons ggq and Antibaryons qgq

Baryons are fermionlc hadrons.
There are about 120 types of baryons.
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Mesons qq

Mesans are bosonic hadrons.

There are about 140 types of mesons,

: Quark | Electric || Mass
ST R content | charge | GelV/c?
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m The Standard Model (Interactions among building blocks of matter)
® Strong, electromagnetic and weak interactions between fermions mediated by gauge bosons

® (Gauge theories are crucial in description of SM
intferactions:

= Dirac Lagrangian: Free relativistic spin 1/2 particle E - zlbfy”@ﬂw — anw

m Demand local gauge invariance of Dirac Lagrangian

(Example here: U(1) = QED): )
() — e @y(a)
m Local gauge invariance (U(1), SU(2) or SU(3) T -
symmetries) introduces SM gauge fields /C — ?}wr}/#D#w - anw

forde carriars
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W~ B0.4 -1
W B4 +1
0 91.187 | 0
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m The Standard Model (Interactions among building blocks of matter)

PROPERTIES OF THE INTERACTIONS

Fundamental Fesidual
Acts on: s Heidual SLong

Interaction s St
Property Gravitational

InCetaonion Note
Particles experiencing: Quarks, Gluons Hadrons
Particles mediating: i Gluons Mesons
Strength relstve (o elecromag (101" m 25 Mot applicable
for T U Quarks at: [!ﬂn'"' = 1041 80 to guearks
for bwwo protons in nucleus ot 0

Interaction
Property

Acts on: Flansor

Electric Charge
Particles expariencing: Quarks, Leptons _ Electrically charged
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m Units of energy

® Elementary particles are so small that the normal mechanical units are inconvenient. The unit of electron volt (eV) was
therefore introduced: The energy which an electron acquires when accelerated through a potential difference of 1 Volt =
leV = 1.60210°T

® Typical energies: keV (nuclear physics), MeV and GeV (particle physics)

® The mass of the proton is roughly 16eV/c (0.938GeV/c?)
B Units cross-section

® Cross-section (Unit: area) are often expressed in barns: 1barn = 1b = 10-2* cm?

m Natural units
® Two fundamental constants: h = h/2x = 1.055¢1073% Js and ¢ = 2.998108 m/s

® Tt is convenient to use a system of units in which h is one unit of action (ML?/T) and c is one unit of velocity (L/T). Our
system of units is then completely defined if we specify for example our energy unit (ML?/T?).

® By choosing units with h=c=1, it becomes unnecessary to write h and c explicitly in formulas. It is customary to speak
of mass (m), momentum (mc) and energy (mc?) all in terms of GeV and to measure length (h/mc) and time (h/mc?) in

units of Gev™: Conversion factor h=c=1 units Actual dimension
1kg = 5.61210%6 GeV GeV GeV/c?
Im = 5.07°10%° GeV! GeV! hc/GeV
1s = 1.5210%* GeV-! GeV-! h/GeV
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m General comments
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coiron,  HERA (1997) ® A particle of momentum p has an associated wavelength, &, given by the

Quark
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de Broglie formula: A = h/p

® Large (small) wavelength resolves large (small) structures

® Manifestation of Heisenberg's uncertainty principle: Ap * Ax% Hh
=> Probe particle needs a momentum of at least p = h/Ax to resolve

structures of size Ax

107°

'1{]-19
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m Type of experiments

® Scattering experiments:

m Classical approach: 1. Scatter point-like probe onto object (target) whose structure should be investigated 2.
Deduce information on the structure of the target from a measurement of the final-state (e.g. scattered probe) 3.
Measure cross-section and compare to theoretical predictions

m Generally: Collision of particles with subsequent detection of decay products and cross-section measurement

m Higher energies are necessary fo resolve smaller objects!

® Spectroscopy:

m Experiments which aim to measure the decay products of an excited state, i.e. the measurement of the decay-rate
and comparison to theoretical predictions

m Higher energies are necessary to produce heavier excited states
m Production of particles

® Cosmic rays:

m Particle flux of secondary particles (e.g. muons) which are produced in the earth’s atmosphere by high-energetic
particles (e.g. protons) from outer space

m Rate of a reasonable size detector is small and uncontrollable

® Nuclear reactors:
m Production of decay particles from radioactive nuclear disintegration, e.g neutrons and neutrinos

® Particle accelerators:
m Fixed target experiments in which an accelerated particle particle beam is directed onto a stationary target

m Storage rings: Collide different accelerated particle beams (proton-proton, electron-proton and electron-positron)
m Beneficial fo operate in collider mode than in fixed target mode to achieve highest possible center-of-mass energy
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m Detection of particles

® Main idea:

m Employ the reaction of energetic particle beams with matter which is part of our detector
m Characteristic processes are the basis for particle detection devices such as:

- Charged particles: Energy loss, Cherenkov radiation and Bremsstrahlung
- Photons: Photoelectric effect, Compton scattering and pair production

® Types of foday's detection systems:

m  Nuclear and particle physics detection systems are based on the above process which particles encounter while
traversing through matter

m Those detection systems can be classified by their basic task to measure the kinematics and properties of final-state
particles:

1. Position: Localize the hits of a charge particle and determine the decay point of a short-lived particle (Position
sensitive defectors, e.g. silicon-strip detectors)

2. Momentum: Determine the momentum of a charged particle in a magnetic field from a reconstruction of the
curvature of a track

o 250'3-B.R[GeV/c]

Tm

3. Energy: Deposition of energy in a localized detector volume (Calorimetry)
4. Mass: (Particle identification - PID): m =+/E* = p?

5. Charge: Orientation of curvature of a charged particle track in a magnetic field
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m The Greek natural philosophy
® One of the first attempts to answer the question Fire
g R S
® Remarkable simple idea to decompose the world \

. P |
around us info basic finite components! Earth

® One problem: It's wrong!
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m The Classical era (1897-1932) (1)

® J.J. Thomson: Discovery of the electron

m Cathode rays emitted by a hot filament are
deflected by a magnet
= Rays have a charge of negative value (Direction
of curvaturel)

m Determination of the e/m ratio which turned out
to be very large

m Indirect evidence pointed to the case that the
corpuscles are very light (Thomson called the
charge electronl)

® Thomson atomic model:
m Electrons are constituents of atoms

m Electrons are suspended in a heavy, positively
charged paste, like the plums in a pudding
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m The Classical era (1897-1932) (2)

® Rutherford and colleagues fired a beam of a-particles (ionized
He-atoms) into a thin sheet of gold foil

® The majority of a-particles passed through the gold foil
completely undisturbed, but a few of them bounced off at
angels larger than 90°

® Conclusion (Rutherford’'s Atomic Model): 1911
m  The core of the atom is positively charged,
m  with virtually all of the atomic mass and

m  occupies only a tiny fraction of the volume of the atom
(Estimated radius: 1014 m)

® Atfomic model by Bohr: 1914

m Electrons circulate around the atomic nucleus on
discrete orbits (This is in striking contrast to classical
electrodynamics!)

m  Quantitative description of Hydrogen spectrum

m  Assumption that heavier elements consist of two or
more protons failed!

® Discovery of the neutron by Chadwick: 1932

® C(lassical period of particle physics: electrons, protons and
neutrons!
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B The Photon (1900-1924)
® Black-body radiation by Max Planck (1900):

m  Planck was attempting to explain the so-called blackbody spectrum for the electromagnetic radiation
emitted by a hot object

m  Classical statistical mechanics predicted that the total power radiated should be infinite

m  Solution: Planck was able to explain experimental results if he assumed that the electromagnetic radiation is
quantized, coming off a hot surface in little packages: E = hv

® Photoelectric effect by Einstein (1905):
m  Quantization is a feature of electromagnetic field itself and has nothing to do with the emission mechanism

m  Photo-electric effect: E <hv —w (Electromagnetic radiation which strikes a metal surface allows to
release electrons of energy E!) = Particle nature of light!

m  Millikan (1916): Clear experimental verification of Einstein's photoelectric effect!

® Compton effect by Compton (1923):

m  Light that is scattered from a particle at rest is shifted in wavelength, according to (A is the incident
wavelength, X is the scattered wavelength, 6 is the scattering angle 6 and A= h/mc is the Compton

wavelength): A=A+ A (1-cos6)

m  Result can be obtained if one treats light as a particle of zero mass with energy given by Planck’s equation
and apply the laws of conservation of (relativistic) energy and momentum

m Light behaves like a particle: Photon
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m Mesons (1934-1947)

® A force must exist inside the nucleus that binds the
protons (and neutrons) fogether which is more
powerful than the force of electrical repulsion

® The first significant theory of strong force was
proposed by Yukawa in 1934:

m  Short-range: Mediated particle must be rather heavy

m  Yukawa estimated that its mass should be nearly 300
times the electron mass

m  Yukawa called the particle : meson ("middle-weight”
compared to leptons and baryons)

® Experimental evidence:
m First indications by Anderson in 1937 were not conclusive

m  Clear evidence: Powell et al. (1947): Photographic
emulsion exposed to cosmic rays at high altitude
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m  Antiparticles (1930-1956) 1
P D) = —i(E/D) 0
® Non-relativistic quantum mechanics (1923-1926) - ° 0
o , _ _ Electron (spin 0
® Relativistic quantum mechanics: Dirac equation up)

P 0
@) _ +ieme| 0

. Solution for free particle p=e
I _ _ L
th}( 6#770 meyp = () with p=0 (E=mc?): Positron (spin up) \ 0

® Feynman-Stuckelberg formulation of negative energy solutions are re-
expressed as positive-energy states of a different particle than the
electron:

n Electron and position appear on the same footing

n Profound and universal feature of quantum-field theory: For every particle there is an anti-
particle

® Discovery of the positron (1932) by Anderson:

n Photograph of a track left in a cloud chamber by a cosmic ray particle inside a magnetic field

n In order to clarify weather this track refers to a downward moving negative or a upward moving
positive charged particle, a lead plate was placed across the center of the chamber. The
resulting curvature pointed to an upward moving positively charged particle!
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m  Neutrinos (1930-1962) 1000

T

® Innuclear beta decay, a radioactive nucleus A is transformed into a slightly

lighter nucleus B, with the emission of an electron: A—B+e

If the nuclear beta decay would occur only as such as two-body decay, then
the energy of the outgoing electron would be kinematically determined:

No. of counts per unit energy range

® However, experimental data of the electron kinetic energy of the beta decay 1 E s

0 5 10

spectrum of tritium shows that the energy of the electron varies considerably. il G

u—>e+v,+v,
® A solution was proposed by Pauli: Another particle was emitted along with the
electron that caries off the missing energy!

® Fermi incorporated Pauli's idea in a quantitative description of nuclear beta-
decay and called the particle neutrino:

n—=p +e +Vv
® Experimental verification: Savannah River nuclear reactor (1953):

s Inverse beta-decay provided clear evidence: V,+ p —>n+e’

® The existence of a second (muon-type) neutrino was established in 1962:

m  Using 10 anti-neutrinos from - decay, Lederman, Schwartz and
Steinberger identified 29 instances of:

_ N :
. . V,+p —n+u e
m Andnocasesof: vV, +p —>n+e
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m Strange particles (1947-1960)

® By 1947, it seemed that several problems in particle physics were solved...!

® Not for long...:

In December 1947 Rochester and Butler published the cloud chamber photograph which turned out to be the
production of a neutral K-meson: g0 _5 o+ | -~

In 1949, Powell published the decay of a charged Kaon: g+ — 7* + 7% + 71~
In 1950, Anderson discovered the Lambda baryon: A — pr+m

All those particles seemed “strange” in the sense that they are produced copiously (1023 s), but they decay
relatively slowly (10-1° s)!

Gell-Mann assigned those particles a new quantum number called strangeness besides their respective charge:
- Production of two strange particles: g~ 4+ p* — K* + 3~
7 +pt =K +2°
7 +p =K' +A

- Assign strangeness quantum number S: S=+1 for X and S=-1 for A with S=0 for p,nand =

® The garden of particle which seemed so tidy in 1947 grew into a real mess of a particle zoo by 1960. The “elementary

particles” awaited a "Periodic Table

III

® Next: Classification according to underlying quantum numbers!
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